Abstract Long-term simulations using version 5.1 of the National Center for Atmospheric Research' Community Atmosphere Model at low (T42), medium (T106), and high (T266) resolutions were carried out to study the impact of horizontal resolution on the model's performance in reproducing the climatological features of precipitation over East Asia. The simulated spatial pattern of annual mean precipitation amount improves significantly with increased resolution. The low-resolution model is inadequate to reproduce the precipitation closely associated with fine-scale orographic forcing, such as the narrow large-rainfall belt along the southern edge of the Tibetan Plateau. The distribution of rainfall over and around the elevation of the Tibetan Plateau and high-altitude mountains becomes more realistic at higher resolutions. The proportion of the large-bias (small-bias) area continuously reduces (increases) when moving from T42 to T266 resolution. Simulations at all three resolutions can capture the key features of the major seasonal variation of rainfall arising from the onset and advancement of the Asian monsoon. A novel method is used to evaluate the sensitivity of the simulated intensity-frequency structure to the horizontal resolution. The proportion of light rain, which demonstrates large positive bias in climate models, decreases dramatically at higher resolution. The intensity-frequency structures averaged over steep-terrain regions and plain areas become more distinctive and realistic as the resolution increases.
Introduction
The resolution of a general circulation model (GCM) is a major factor that affects the numerical simulation of weather and climate. Considerable attention has been paid to investigating on how a change of resolution will affect the quality of the simulation [Manabe et al., 1970; Tibaldi et al., 1990; Boville, 1991; Williamson et al., 1995] . It is found that, with increasing model resolution, the simulations tend to be closer to observations, but switching to a higher resolution is not always beneficial to all physical processes and parameterizations in the model, and cannot always eliminate the systematic errors presented in the model [Gregory et al., 2001; Duffy et al., 2003] . Despite these problems, increasing the model resolution is generally considered as an important way to improve model performance [Buonomo et al., 2007; Gent et al., 2010; Jung et al., 2012; Kendon et al., 2012] .
The significant role of horizontal resolution in GCMs has been verified in many aspects of the simulated climate system. Previous studies have shown that high-resolution GCMs are able to simulate more realistic large-scale atmospheric circulation and global and regional precipitation distributions [Hack et al., 2006; Roberts et al., 2009; Shaffrey et al., 2009; Gent et al., 2010; Marti et al., 2010; Delworth and Zeng, 2014; Delworth et al., 2012; Kinter III et al., 2013; Demory et al., 2014] . For example, Duffy et al. [2003] found that the large-scale (convective) component of precipitation increases (decreases) as the resolution increases. Also, fractional cloudiness at high levels decreases at finer resolutions due to the convective cooling caused by increased subsidence [Kiehl and Williamson, 1991] . Demory et al. [2014] demonstrated that the horizontal resolution could affect the hydrological cycle by increasing (decreasing) precipitation over land (ocean). Bacmeister et al. [2014] showed that simply increasing the horizontal resolution did not produce dramatically improved climate simulations, but some regional precipitation features were arguably better, and the representation of tropical precipitation also improved at higher resolution.
Influenced by complex topographic features, especially the Tibetan Plateau to the west and various surrounding mountain chains, the East Asian climate comprises various spatial and temporal scales. Correspondingly, the East Asian monsoon rainfall exhibits a complex spatial structure, especially over the subtropical monsoon rain belt [Chen, 1983; Zhu et al., 1986; Tao and Chen, 1987] . As a result of the poor simulation of the East Asian monsoon rain belt, which typically extends less than 200 km [Ding and Chan, 2005] , low-resolution GCMs possess remarkable deficiencies in simulating the location, seasonal evolution, and interannual variation of rainfall over East Asia [Zhou and Li, 2002; Chang, 2004; Lin et al., 2000; Kang et al., 2002; Zhou et al., 2009; Chen et al., 2010] . High-resolution model systems become more important in simulating East Asian rainfall. However, resolution-related studies have shown some inconsistent results. Generally, most studies acknowledge the potential for improving the representation of monsoon rainfall through increased horizontal resolution. For example, Kusunoki et al. [2006] indicated that simulation of the mei-yu rain bands of the East Asian summer monsoon has been substantially improved in terms of geographical distribution by increasing the horizontal resolution. Kitoh and Kusunoki [2008] reported advantages of high-resolution modeling when simulating orographic rainfall, mei-yu structure, and intense rainfall. Li et al. [2011b] showed that the high-resolution ECHAM5 model (T319 version) is much improved in terms of simulating the spatial patterns of precipitation, and provides prominent topography-induced structure and fine-scale geographic features, especially for extreme precipitation. However, despite the potential advantages of high-resolution models in simulating monsoonal precipitation, some other studies have argued that increasing the resolution does not always improve the simulation of East Asian monsoon rainfall. For example, Lau and Ploshay [2009] demonstrated that, although the 0.5 resolution of the GFDL AM2 accurately depicts the East Asian frontal systems and synoptic disturbances that propagate along the front, the improved simulation of mesoscale systems did not lead to corresponding success in terms of the precipitation associated with these systems. Yuan et al. [2013] believed that large errors in phase and amplitude of the diurnal cycle may remain if only increasing the model's horizontal resolution. Their evaluation on CAM5 at fine and coarse resolution demonstrated that the diurnal cycle of convective and stratiform rainfall scarcely showed any differences in simulations with different resolutions. Since one of the most important improvements in high-resolution modeling is the better resolved orographic details, a major influence of higher model resolution on East Asian monsoon simulation should be seen in the variation of precipitation characteristics over complicated topographic regions. The influences of model resolution on East Asian rainfall, especially over regions with complicated topography, are still worthy of further study.
In this paper, the results from a series of experiments using a global atmospheric GCM at different horizontal resolutions are analyzed to investigate model performance over the Tibetan Plateau and its surrounding regions. The sensitivity of the model's results to low (T42), medium (T106), and high (T266) resolutions is examined in detail with a focus on the climatic mean state of geographical distribution, seasonal variation, and the hourly intensity-frequency structure of precipitation over East Asia. The remainder of the paper is organized as follows. Section 2 provides a brief description of the model, data, and methods employed in the study. The performance of the model and its sensitivity to horizontal resolution are evaluated in section 3. Section 4 provides a summary and discussion.
2. Model, Data, and Method
Model
The model used in this study is the Community Atmosphere Model version 5.1 (CAM5), the atmospheric component of the Community Earth System Model (CESM). Compared with the previous two generations of the model (CAM3 and CAM4), substantially revised physical parameterizations are included in CAM5. An updated moist boundary layer scheme provides a more physically realistic treatment of marine stratocumulus-topped boundary layers . A two-moment cloud microphysics handles the cloud fractions and conversion rates of cloud condensates [Morrison and Gettelman, 2008; Gettelman et al., 2010] . A rapid radiative transfer scheme for the GCM is used in the radiation module [Iacono et al., 2008] . A new and updated shallow cumulus convection scheme provides the description of dynamic transport . And a deep convection scheme improves the simulation of the frequency and intensity of convective events [Neale et al., 2008] .
pressure-sigma vertical coordinate of the model has 30 levels with a top at 2.255 hPa. The horizontal resolution is hereafter referred to simply as the resolution, and the scope of East Asia is 18 -50 N, 70 -132 E in this paper. The topography presented at T42, T106, and T266 grids are shown in Figures 1a-1c , respectively. Figure 1d exhibits the topography derived from Global 30 Arc-Second Elevation (GTOPO30, available from the U.S. Geological Survey). Compared with the real topography (Figure 1d ), the T42 model ( Figure 1a) represents the position and scale of the Tibetan Plateau, but fails to grasp the details of its shape. The T106 resolution recognizes the outline of the Tibetan Plateau fairly well, and describes the location of the Arakan Mountain (the meridionally elongated mountain range in western Burma, to the south of the Tibetan Plateau and around 95 E) ( Figure 1b ). As shown in Figure 1c , the features of most of the major mountain ranges are presented at T266 resolution. A narrow passage between the southern edge of the Tibetan Plateau and the Arakan Mountain is resolved, which makes the reversed V-shaped gap of the Plateau (around 29 N, 93 E) open to the moist southwesterly wind from the Bay of Bengal. More details of the differences between the topography used at three resolutions are shown in the meridional and zonal cross sections along 95 E and 30 N (Figures 1e and 1f) . As the resolution increases, the model resolves more details of the deep valleys and high mountains over and around the Tibetan Plateau, and the regional characteristics of the sharp contrast in elevation and steepness of the terrain are better preserved at higher resolutions.
To ensure the computational efficiency, multiple splits of the model dynamics within a uniform large physical time step were implemented. For T42, T106, and T266, the dynamical time step was 900, 360, and 120 s, respectively, and the physical time steps were all 1800 s. Moreover, apart from the diffusion coefficients in the model dynamics (T42: 10
16
, T106: 10 15 , T266: 10 14 ) and the evaporation coefficients in the convective 
Data and Method
The observed precipitation climatology used in this study is based on long-term (1998-2010) averages of the Tropical Rainfall Measuring Mission (TRMM) 3B42 [Huffman et al., 2007] . The TRMM 3B42 precipitation data (3 hourly, 0.25 ) were created by blending passive microwave data and infrared data, and a gauge correction was applied over land [Huffman et al., 2007] .
Since data sets with different temporal resolutions could lead to different statistical standards for accumulated precipitation frequency and amount, the hourly model outputs were converted to 3 hourly outputs (similar to TRMM). The units of precipitation intensity of the converted model output are mm (3h) 21 . The accumulated precipitation frequency is defined as the number of 3 h periods with precipitation in a given period of time. The accumulated precipitation frequency binned by intensity was further calculated after dividing the precipitation into different groups with bins from 0.5-3 mm (3 h) 21 ,
3-6 mm (3 h)
21 to 297-300 mm (3 h) 21 (the interval of bin is 3 mm (3 h) 21 for 3-300 mm (3 h) 21 ), and above 300 mm (3 h) 21 .
The capability of the model in simulating the frequency-intensity structure of precipitation is assessed based on a double exponential evaluation method proposed by Li and Yu [2014] , in which the double exponential function is used to fit the frequency-intensity curve:
Here I represents the hourly precipitation intensity and Fr(I) is for the frequency. The a and b are two parameters to be determined. Taking the natural logarithm twice on both sides of equation (1), we can get:
Thus, the double logarithm of precipitation frequency at various intensity categories can be fitted by a linear equation. The two parameters, a and b, control the slope and the intercept of the fitted line, and carry key information on the frequency-intensity distribution. Figure 2a shows the annual mean precipitation amount averaged between 30 and 40 N for TRMM (black), T42 (red), T106 (green), and T266 (blue). Simulations at different resolutions present similar biases over some regions. Compared with TRMM, all three simulations underestimate the precipitation over the central and eastern North America, and produce much more precipitation over the Tibetan Plateau and Pacific Ocean. These consistent biases are more likely to arise from inadequacies in processes that are not closely related to the model's resolution. The focus of this paper is the differences among the three simulations, which is presented by the standard deviation of results from T42, T106, and T266 (purple line in Figure 2b ). The largest deviation exists over the Tibetan Plateau and central-eastern China. The gray line in Figure 2b presents the meridional mean (30 -40 N) topographic relief, which is defined as the maximum difference in elevation among the neighboring nine grids at the T266 resolution. The zonal distribution of the resolution-related deviation is in phase with the distribution of the topographic relief over land, indicating that the sensitivity of rainfall processes to different resolutions might be associated with topography. In the following subsections, we focus on the specific features of and differences among the precipitation simulated at the three resolutions.
Results
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Annual Mean Climatology
The climatological patterns of annual mean precipitation amount are displayed in Figure 3 for TRMM ( Figure 3a ) and the CAM5 simulations at T42 (Figure 3b ), T106 (Figure 3c) , and T266 ( Figure 3d ). The observed precipitation pattern over the East Asian continent is characterized by two regimes of rainy regions which are longitudinally divided at roughly 100 E. The western group of wet zones consists of a series of precipitation centers along the southern edge of the Tibetan Plateau and over the western coast of the Indochina Peninsula. To the east of 100 E, large values of precipitation amount are found over southeastern and southern China as well as the eastern part of the Indochina Peninsula. The two regimes of rainy regions are controlled by different monsoon systems [Wang and Lin, 2002] . Compared with the TRMM rainfall pattern, it is evident that the simulated features of wet and dry regions become progressively more realistic as the model resolution increases (Figures 3b-3d ). The T42 simulation ( Figure 3b ) simulates a wide rainfall belt on the East Asian continent extending from the southern Tibetan Plateau to eastern China. The maximum annual rainfall amount in East Asia is 7.6 mm d 21 and is located at (32 N, 104 E), which is part of the artificial rainfall center on the eastern periphery of the Tibetan Plateau [Yu et al., 2000] . In the 
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T106 simulation (Figure 3c ), the arc-shaped precipitation belt is reproduced over the southern edge of the Tibetan Plateau and a rainfall center exceeding 4 mm d 21 is separated in southeastern China. The existence of the dry area downstream of the Tibetan Plateau (centered around (30 N, 108 E)), which breaks the 30 N rain-belt, is an important improvement from T42 to T106. The area of the artificial precipitation on the eastern periphery of the Tibetan Plateau is significantly reduced at T106, and the regional maximum precipitation is located over the southern edge of the Tibetan Plateau (28.6 N, 94.5 E) in Figure 3c . When CAM5 is truncated at T266, more fine-scale details of the annual mean rainfall distribution are revealed. As shown in Figure 3d , the precipitation belt along the southern periphery of the Tibetan Plateau becomes much narrower and stronger than that in the T106 results. The maximum rainfall is also situated on the southern slope of the Tibetan Plateau (29.0 N, 95.0 E). The pattern correlations between TRMM and the simulation results improve as the resolution increases (0.871 for T42, 0.879 for T106, and 0.884 for T266). The precipitation amount averaged over East Asia is 2.376 mm d 21 , and all simulations overestimate the regional average precipitation. From T42 to T266, the precipitation averaged over East Asia, which is 2.647, 2.621, and 2.535 mm d
21
, respectively, becomes closer to the observation. The climatological patterns indicate that models with higher resolution would enable the simulation of more details of various systems.
To gain a better appreciation of the climatological biases, all three simulations were interpolated to the TRMM grids and the differences between the CAM5 results and TRMM are shown in Figure 4 . Overall, the discrepancies at the three resolutions present some consistent features. Positive biases are found over the Tibetan Plateau, and extend northeastward to the highlands of North China. In contrast, notable underestimation occurs over the coastal regions of the Indochina Peninsula, southern China, and the surrounding sea surface. In the T42 simulation (Figure 4a ), the maximum positive bias is located over the eastern periphery of the Tibetan Plateau. As shown in Figure 4b , the geographical pattern of the positive biases in the T106 results is similar to the topography, with large values outlining the boundary of the Tibetan Plateau. The maximum overestimation of precipitation occurs over the southern edge of the Tibetan Plateau. The T266 simulation produces a much narrower positive-bias-belt along the Himalayas (Figure 4c ). There is a strong dry-bias belt to the south of this wet region, and the 2000 m contour separates the positive and negative biases. As the model's resolution increases, the bias averaged over East Asia decreases (0.275 mm d For further inspection of the biases, the differences between the simulations and TRMM are interpolated to the three model grids, respectively, and the grid points for each resolution are binned by the bias at each grid with an interval of 1 mm d 21 . Figure 5 presents the percentage of the number of grid points at each bias category to the total number of points in East Asia. The value at the zero point of the x axis, which is 30.7%, 33.2%, and 37.2% for T42 (red), T106 (green), and T266 (blue), respectively, is the percentage of the number of points with bias between 20.5 and 0.5 mm d 21 . Expanding the bias range to 21.5-1.5 mm d 21 , the percentage increases to 72.7%, 78.5%, and 83.5% for each resolution. In contrast, the ratio of points with relatively higher biases (absolute value of biases ranges from 1.5 to 5.5 mm d
) decreases from T42 to T266 (27.3%, 20.6%, 15.4%). The increase (decrease) of the percentage of the small (large) bias points with the resolution indicates that high resolution can effectively suppress simulation biases over a large portion of the areas. Also important to noted is that the differences among the three solid lines in Figure 5 are asymmetrical about the zero-bias point. The diversity of the various resolutions is small in the negative-bias part, and most of the resolution-based improvement is found in the positive-bias regions. This is consistent with the significant reduction in the large positive bias region over the Tibetan Plateau from T42 to T266 (Figure 4) . It is clear that the overall biases decrease at higher model resolution, but the amplitude of the maximum bias nevertheless increases. As shown by the three horizontal dashed lines in Figure 5 , which represent the range of biases over East Asia, the maximum bias expands significantly as the resolution increases. The extremely large biases in the high-resolution simulation are located near the complex topography around the Tibetan Plateau and are closely associated with orographic forcing. 
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The T42 experiment presents a smooth profile of rainfall with only one peak over the eastern slope of the Plateau and fails to simulate the other rainfall maxima and the dry regions between them. Moreover, the low-resolution model dramatically overestimates the precipitation over and around the Plateau. With their higher resolution, both the T106 and T266 simulations capture the zonal distributions of the wet and dry regions over the Plateau. However, the medium-resolution and highresolution models also yield excessive rainfall over the Tibetan Plateau. In the southward valley around 95 E, the T266 simulated precipitation amount is 2.7 times to the observed value in TRMM. Although the positive bias in the T106 results is smaller than the blue line, the T106 model presents much wider peaks and produces far more rainfall in the dry region over the Tibetan Plateau. Overall, as the resolution increases, the distribution of the modelled rainfall over regions with complex topography becomes more and more realistic. One drawback of the high-resolution model is the exaggerated sensitivity of precipitation to the orographic forcing.
Seasonal Variation
Significant seasonal variation in rainfall is the most distinguishing feature of the monsoonal regions of East Asia. The ability to simulate precipitation in various seasons is an important aspect in model evaluation. Figures 7 and 8 present the spatial distribution of spring (March-May, MAM) and summer (June-August, JJA) mean precipitation over East Asia. In spring, the maximum precipitation is located over the lowland region to the north of the Bay of Bengal (Figure 7a ). There is another wet region to the northeast of the maximum point, centered around 27 N, 97 E. Both of the two rainy regions to the west of 100 E are situated on the windward side of high mountains. The lower-tropospheric zonal wind to the south of the Tibetan Plateau reaches its annual maximum in spring. A strong westerly wind climbs over the north-south-oriented mountain ranges and leads to heavy rainfall over the windward side of the Hengduan Mountains (around 22 -32 N, 97 -103 E) [Li et al., 2011a] . A large rainfall amount is also found over the southeastern China, which is known as the ''spring persistent rain'' [Tian and Yasunari, 1998; Wan and Wu, 2007] . All of the three simulations (Figures 7b-7d ) capture the rainfall between the Tibetan Plateau and the Bay of Bengal and the spring persistent rain over southeastern China, although the detail of the spatial distribution differs among them. The common defects of the T42, T106, and T266 simulations are the overestimation of rainfall over the western and northern edges of the Tibetan Plateau, and the underestimation of precipitation over the coastal regions of the Indochina Peninsula. As the resolution increases, the artificial precipitation over the eastern periphery of the Tibetan Plateau reduces significantly, and the relatively dry region (around 99 -105 E) between the western and eastern rainy regions becomes more realistic. From T42 to T266, the pattern correlation between TRMM and the simulation results is 0.825, 0.852, and 0.865, respectively. Compared with TRMM, all simulations produce more regional average rainfall over East Asia. After the onset of the Asian summer monsoon, East Asia enters its major rainy season. As shown in the summer rainfall field of TRMM (Figure 8a ), strong rainfall bands are situated against the southern slope of the Himalayas and the western coastal region of the Indochina Peninsula. To the east of 100 E, there are a series of high-precipitation regions (larger than 7 mm d 21 ) along 30 N. The maximum rainfall over the Over southeastern China and the regions to the south of the Tibetan Plateau, the onset of the monsoon rainy season occurs approximately between late May and early June [Wang and Lin, 2002] . The differences between June and May can be used to evaluate the rainfall changes before and after the onset of summer monsoon. As shown in Figure 9a , precipitation over the regions to the west of 95 E and to the south of the Tibetan Plateau increases remarkably after the beginning of the South Asian summer monsoon. Over southeastern and southern China, the rainfall amount also increases corresponding to the onset of the East Asian summer monsoon. The model is able to reproduce the main spatial pattern of the positive rainfall changes to the west of 95 E and to the south of the Tibetan Plateau at all three resolutions (Figures 9b-9d) . However, the change in precipitation over southeastern and southern China, which is controlled by the East Asian monsoon, is largely underestimated in all of the simulations.
As an important feature of the East Asian summer monsoon, the position of the major rainfall belt over eastern China undergoes significant meridional movement [Tao and Chen, 1987] . Figure 10 shows the rainfall differences between July and June, which is intended to represent the migration of the monsoon precipitation. From June to July, as the South Asian summer monsoon intensifies, precipitation to the south of the Tibetan Plateau and to the west of 87 E increases (Figure 10a ). Over eastern China, positive (negative) precipitation changes are found to the north (south) of 32 N, which visually signifies the northward movement of the major monsoon rain belt. The simulations at all three resolutions capture the key features of the precipitation changes associated with the development of both the South and East Asian monsoon (Figures  10b-10d ). Of note is that the rain belt over eastern China moves far more northward than TRMM as the model resolution increases. To present more details of the intraseasonal march of the summer monsoon rain belt, Figure 11 shows the time-latitude cross section of precipitation over eastern China. Compared 
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with TRMM (Figure 11a ), all three simulations reproduce the key features of the northward movement of the major rainfall belt in summer (Figures 11b-11d) . The results from the T42 model exhibit similar timing of the march with that of TRMM. As the resolution increases, the whole process of the migration tends to be earlier. 
As far as the climatological patterns of the seasonal mean precipitation are concerned, there are substantial positive results at higher resolutions. In contrast, there is no absolute superiority of the high-resolution model in terms of its simulation of the rainfall changes associated with monsoon onset and development that are dominated by seasonal changes in the large-scale circulation. Figure 10. As in Figure 9 but for the differences between July and June (July minus June). Lin et al. [2000] suggested that, even if the simulation of mean precipitation is close to observation, the physical processes that generate the precipitation might not be realistic. The climatological pattern is the accumulated result of instantaneous or short-term averaged (e.g., hourly) precipitation, and different combinations of intensity and frequency could lead to similar climatological characteristics. Consequently, only when the model correctly reproduces the combination of intensity and frequency, i.e., the frequency-intensity structure, will the simulated precipitation be more reasonable. Meanwhile, many studies [e.g., Chen et al., 1996; Dai et al., 1999; Dai and Trenberth, 2004] demonstrate that the bias in the precipitation intensity structure is a common problem in climate models. It is therefore necessary to assess the performance of CAM5 in simulating the intensity structure of rainfall under different resolution configurations. Figure 12 shows the percentage of weak precipitation (intensity less than or equal to 3 mm (3 h) 21 ) amount to total precipitation in TRMM and the three simulations. Generally, although all of the simulations overestimate the percentages of weak precipitation, the biases gradually reduce with increased resolution. For central and eastern China (red rectangle in Figure 12 ), the average percentage of weak precipitation amount falls from 45.0% in T42 to 38.4% in T106 and 33.3% in T266, gradually getting closer to the observed value (14.0%). For the western area, the performance over the main body of the Plateau also improves remarkably with enhanced resolution. The average percentage of weak precipitation amount over the main body of the Tibetan Plateau (black rectangle in Figure 12 ) in T42, T106, and T266 is 75.5%, 41.4%, and 31.8% respectively, and the result of T266 is comparable to the observation (26.6%).
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Another crucial indicator to assess the intensity structure of precipitation is the precipitation frequency distributed against the intensity. Based on the double exponential evaluation method proposed by Li and Yu [2014] , Figure 13a presents the double logarithm of precipitation frequency averaged over East Asia in Journal of Advances in Modeling Earth Systems 10.1002/2014MS000414 various intensity categories. It is shown that the frequency-intensity distribution of TRMM (black asterisks), T42 (red asterisks), T106 (green asterisks), and T266 (blue asterisks) are all fitted well. According to Li and Yu [2014] , the two parameters in equation (1), a and b, modulate different parts of the double exponential function line: a is more closely related to the frequency of weak precipitation, and b can be used to assess the frequency of intense precipitation. As a result, the precipitation frequency-intensity structure can be explicitly presented by the positions of points on an a-b plane. Figure 13b displays the parameter values (a, b) of TRMM and the three simulations on the a-b plane. For the average over East Asia, all simulation points (red, green, and blue solid circles) are located to the upper left of the observation points (black solid circles), meaning that the simulated a (b) is larger (smaller) than the observed one. This result indicates that the frequency of light (intense) precipitation is overestimated (underestimated) in all three simulations. Meanwhile, with the enhancement in resolution, the simulated a (b) exhibits a decrease (an increase) tendency, making the deviation to the observed result diminishes gradually. It is indicated that the frequency of light (intense) precipitation decreases (increases) as the resolution increases, and the intensity structure of precipitation tends to be more reasonable in simulations at higher resolution.
Using station rain gauge records, Li and Yu [2014] suggested that the topography is an important factor influencing the frequency-intensity distribution of rainfall. According to their study, in steep terrain areas, light rain is extremely frequent and the number of intense precipitation events is relatively small; while in the plain area, heavy precipitation becomes more frequent. Therefore, aimed at revealing the disparities of intensity structures in different topographic regions, the fitted parameters (a, b) for the steep terrain area in the southeast of the Tibetan Plateau ((26 -32 N, 88 -102 E) ; the blue rectangle in Figure 1d ) and the plain area of eastern China ((24 -40 N, 114 -121 E) ; the red rectangle in Figure 1d ) are shown by lefthalf solid and right-half solid circles in Figure 13b . Both T106 and T266 correctly reproduce the structural differences between the two regions: the points for the plain area are located to the bottom-right of those for the steep terrain area (a is smaller and b is larger in the plain area), which indicates that the proportion of light (intense) precipitation is smaller (larger) in the plain area than that in the steep terrain area. Besides, compared with T106, the position deviation between the points of the plain area and steep terrain area is larger in T266, suggesting that the difference in the intensity structure is more prominent in T266. In the low-resolution simulation, the points of the plain area (red right-half solid circles) are From the results presented above, the performance of CAM5 in simulating the intensity structure is effectively improved with enhanced resolution. Nevertheless, it should be pointed out that there are still large biases between T266 and TRMM.
Summary and Discussion
A series of numerical experiments were performed using CAM5 at three different horizontal resolutions in order to evaluate the sensitivity of rainfall simulation over East Asia to different model configurations. The model's performance in reproducing the precipitation at low (T42), medium (T106), and high (T266) resolutions was analyzed. It was found that the geographical distribution of climatological precipitation over East Asia improves dramatically with finer resolution. The spatial pattern of rainfall along the southern edge of the Himalayas becomes more realistic, and the large positive precipitation bias to the east of the Tibetan Plateau reduces significantly in higher-resolution simulations. However, the maximum bias, which is closely related to orographic forcing, expands significantly as the resolution increases. The essential features of changes in rainfall patterns associated with the onset and development of the Asian monsoon are captured by CAM5 at all three resolutions. The high-resolution model tends to simulate an earlier migration of the monsoon rain belt than observation. The model produces too much weak precipitation and underestimates strong rainfall. This notable bias in the hourly intensity structure can be partially mitigated with enhanced resolution. The regional features of the intensity structure over steep terrain and plain areas also become more reasonable in simulations at higher resolution.
In a high-resolution climate model, the mechanical and thermal forcings benefit from the resolved details of topography, and more physical and dynamical processes are explicitly resolved than models with coarse grids. Therefore, there are substantial advantages to simulating climate at higher resolution, especially over regions with complex topography and multiscale weather systems. A remaining question is to what extent the more realistic orographic forcing contributes to the overall improvement. Using a regional atmospheric model, Shi et al. [2008] explored the effect of mesoscale topography. They found that the details of topography play an important role in generating mesoscale disturbances over the Tibetan Plateau and enhance the precipitation in the Yangtze River valley. Also using a regional atmospheric model, Gao et al. [2006] suggested that adequate spatial resolution to resolve the physical and dynamical processes is more important than topography over East Asia. To isolate the changes due to more realistic topographic forcing and show the influence of topography, two more sensitivity experiments were performed: one with T266 resolution but using T42 topographic data (T42Topo), the other Journal of Advances in Modeling Earth Systems 10.1002/2014MS000414 one with T266 resolution but using T106 topographic data (T106Topo). Both T42Topo and T106Topo were conducted as the short-term experiment with hourly output. Figures 14a and 14b present two cross sections of the annual mean precipitation along 95 E and 30 N. Compared with the original T266 simulation (T266Topo), T42Topo produces a much wider and weaker rainfall belt to the south of the Tibetan Plateau (Figure 14a ). T106Topo and T266Topo exhibit similar distribution of precipitation along the latitudinal cross section, except that T106Topo has a weaker peak around 29 N and misses the relative high value between 26 and 27 N. Along 30 N (Figure 14b ), T42Topo presents much more (less) precipitation over the highlands (valleys) on the Tibetan Plateau and a wider peak over the eastern periphery of the Plateau. The frequency-intensity structures in the sensitivity experiments are also analyzed (Figures 14c  and 14d ). As the resolution of topographic data increases, the simulated frequency-intensity structure improves significantly. Both the climatological spatial distribution and the intensity structure present differences among T42Topo, T106Topo, and T266Topo, which confirms the important role of more realistic orographic forcing in the improvement of simulation. To further understand the differences among simulations at various resolutions, it is necessary to carry out a series of analysis on specific rainfall events in future works.
Although there are significant improvements arising from increased horizontal resolution, certain model discrepancies, such as the overestimation of precipitation over the higher part of the windward steep topography, persist across the coarse, medium, and fine resolutions of the model. These discrepancies are closely related to specific dynamical or physical processes. For example, the ''overshoot'' of water vapor to the high-altitude region of the windward slopes is sensitive to the choice of moisture transport scheme [Yu et al., 2015] . More sensitive experiments are required to resolve these issues. Over some small regions with complex local topography and plentiful water vapor supply, extremely large biases are detected in the high-resolution model. These biases can be partially ascribed to the overreaction of certain dynamical and physical processes to the large gradient of variables on the fine-scale grids. To obtain a better and more Journal of Advances in Modeling Earth Systems 10.1002/2014MS000414 reasonable simulation at higher resolution, key dynamic processes and parameterization schemes should be reconsidered at comparable fine scales.
